H
andheld autorefractors have the potential to be useful tools for measurement of refractive error in infants, toddlers, and preschoolers in both screening and research settings. However, when used without cycloplegia, autorefractors tend to have high variability across subjects in accuracy of sphere measurements in children, [1] [2] [3] [4] [5] thus eliminating the feasibility of simply applying a single factor to correct for the overestimation of myopia/underestimation of hyperopia that occurs in the absence of cycloplegia.
In contrast, while some studies report significant differences between cycloplegic and non-cycloplegic measures of astigmatism, these differences tend to be of minimal clinical significance. [1] [2] [3] [4] [5] [6] [7] [8] Therefore, non-cycloplegic autorefraction may be useful in measuring astigmatism in infants and toddlers, in both screening 5, 8, 9 and research 5 settings. The Welch Allyn SureSight has been used to measure refractive error in infants and young children with some success. 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, one limitation of the SureSight is that the upper limit for measurement of astigmatism is only 3.00 D, although the instrument does provide an ''out of range'' indication if the astigmatism is beyond its range of measurement.
The purpose of the present study was to evaluate the accuracy of the SureSight in non-cycloplegic measurements of magnitude of astigmatism in 3-to 7-year-old children from a population with a high prevalence of astigmatism, 20, 21 in comparison to measurements of astigmatism obtained from the same children when tested under cycloplegic conditions using the Retinomax K1 autorefractor, which has previously been shown to provide accurate measurement of astigmatism in this population. 1 
Methods

Subjects
Subjects were 937 children who were recruited from the community, from the Head Start program, and from kindergarten and first grade classrooms on the Tohono O'odham reservation between September 2005 and December 2008.
This research followed the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of the University of Arizona. Parents provided written informed consent prior to testing. This study conformed to the requirements of the United States Health Insurance Portability and Accountability Act (HIPAA).
Apparatus
Two handheld autorefractors were used: the Welch Allyn SureSight (software version 2.16 and 2.20; Welch Allyn Medical Products, Skaneateles Falls, NY) and the Retinomax K1 (Nikon, Inc., Melville, NY; now manufactured by Right Manufacturing Co., Tokyo). The SureSight is based on a Shack-Hartmann wavefront analyzer and has a working distance of 35 cm. The fixation stimulus is a circle of eight flashing green LEDs surrounding a small, red central light. The SureSight takes 5-8 measurements of the eye, after which it displays a measurement of sphere, cylinder, and axis, along with a confidence rating from 1 to 9, indicating the reliability of the reading. According to the manufacturer, the SureSight measures astigmatism values # 3.00 D, and displays a value of 9.99 for astigmatism values .3.00 D. Two SureSight instruments were used for the study; both were serviced and calibrated by the manufacturer yearly.
The Retinomax K1 is a conventional autorefractor. It has a short working distance of about 5 cm from the eye, and the instrument is rested against the child's forehead while measurements are made. The child is asked to look steadily at a fixation target (Christmas tree) within the instrument during measurements. The Retinomax K1 makes 8 measurements, from which it produces a representative refraction and a confidence rating from 1 to 10. The manufacturer indicates that the instrument can measure astigmatism values up to 8.00 D.
Procedures
Initially, each child had refractive error measured with the SureSight. Subjects sat facing the tester, who attempted to make 3 measurements (without regard to confidence ratings) of each of the child's eyes. The measurements were used to calculate amount of astigmatism (based on the median of all measurements obtained for the eye).
Following SureSight measurements, each child underwent an eye examination, including measurement of refractive error with the Retinomax K1 at least 40 minutes after instillation of one drop of proparacaine, 0.5%, and two drops of cyclopentolate, 1%, in each eye. If the Retinomax K1 measurement for either eye had a confidence rating of \8, the tester attempted another measurement of the eye to obtain a confidence of at least 8 (3 attempts, maximum).
Analyses were conducted on data from each child's right eye.
Results
Subjects
Of 937 children examined, the 825 who met the following criteria were included in the final analyses: 3 to 7 years of age on the date of the examination, right eye cycloplegic Retinomax K1 autorefraction with a measurement confidence $8, and no ocular abnormalities other than high refractive error upon examination. The mean age of the 825 children in the final sample was 4.9 years (SD 1.3). A summary of reasons for exclusion is provided in Table 1 .
Results of cycloplegic Retinomax K1 measurements of astigmatism indicated that 459 children (55.6%) children had 0.00 D to 1.00 D of astigmatism, 171 (20.7%) had .1.00 to 2.00 D, 105 (12.7%) had .2.00 to 3.00 D, 53 (6.4%) had . 3.00 to 4.00 D, 28 (3.4%) had . 4.00 to 5.00 D, and 9 (1.1%) had .5.00 D of astigmatism. Results of cycloplegic Retinomax K1 measurements of spherical equivalent (SE) indicated that 1 (0.1%) had SE \ À4.00 D, 6 (0.7%) had SE À4.00 to \ À2.00 D, 144 (17.5%) had SE À2.00 to \0, 31 (3.8%) had SE 5 0, 539 (65.3%) had SE .0.00 to 12.00 D, 89 (10.8%) had SE . 12.00 D to 14.00 D, and 15 (1.8%) had SE . 14.00 D. Table 2 shows (1) the percentages of eyes in which 3 SureSight measurements were obtained (including out-ofrange 9.99 results); (2) the percentage of eyes in which at 
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least one SureSight measurement was obtained; (3) the percentage of eyes in which the SureSight would not take a measurement even though the child was cooperative, and (4) the percentage of eyes in which a SureSight measurement was not obtained because the child was uncooperative. Percentages are also shown for only those measurements that had the manufacturer's recommended confidence of $6. Logistic regression analyses indicated no significant relation between measurement success rate, defined as success in obtaining at least one acceptable measurement, and subject age, when all measurements were considered acceptable (regardless of confidence rating) and also when only measurements with confidence rating $6 were considered. However, logistic regression analysis indicated a significant relation between measurement success rate and amount of astigmatism, defined by cycloplegic Retinomax K1 measurements (p \ 0.001) when all measurements were considered and when only confidence measurements with confidence rating $6 were considered. Measurement success rates were lowest in children with high amounts of astigmatism (Table 2) . Table 3 shows that if the SureSight measurement had any dioptric value (0.00 D to 3.00 D), astigmatism of 2.00 D or less was likely to be present. If the SureSight showed astigmatism beyond the instrument's dioptric 
Out-of-Range SureSight Values
SureSight Confidence Rating Versus Accuracy of SureSight Measurement
In order to determine if SureSight measurements with a high confidence rating were more accurate in measurement of astigmatism than were measurements with a low confidence rating, we conducted analysis of data from the 187 children who had both a SureSight measurement that had a confidence rating $6, with a dioptric value for astigmatism measured (ie, not 9.99), and a SureSight measurement that had a confidence rating \6, with a dioptric value for astigmatism measured. For each child, the difference between SureSight measurement of astigmatism and the Retinomax K1 measurement of astigmatism was calculated for both the first SureSight measurement with a confidence rating $6 and the first SureSight measurement with a confidence rating \6. Repeated measures ANCOVA, with age and amount of astigmatism (based on Retinomax K1 measurement) entered as covariates, indicated that the SureSight tended to overestimate amount of astigmatism to the same extent when measurements had high (mean difference in astigmatism 5 0.52 D higher for SureSight, SD 0.50) versus low (mean astigmatism 5 0.54 D higher for SureSight, SD 0.46) confidence ratings.
Accuracy of SureSight Measurements of Astigmatism
This analysis included only data from the 621 children who had at least one SureSight measurement that was a dioptric value (ie, not 9.99). Figure 1 shows each child's median SureSight astigmatism value compared with the child's Retinomax K1 astigmatism value. Median SureSight astigmatism was calculated including all of each child's dioptric value SureSight measurements, regardless of confidence rating. SureSight measurements showed, on average, significantly higher amounts of astigmatism than did Retinomax K1 measurements (t (620) Table 4 summarizes agreement between SureSight and Retinomax K1 in terms of categorical data.
Discussion
The results of the present study provide data on the validity of the SureSight in measurement of magnitude of astigmatism in young children.
Measurement Success Rates
Measurement success rates did not differ significantly across the 3-to 7-year-old age range. Compared to some previous studies, the measurement success rate of 89% for high confidence measurements in this age range is low. 4, 10, 13, 18 However, it is likely that this is due to the relatively large number of children in this sample (11%) who had astigmatism beyond the instrument's upper measurement range. The majority of the measurement failures (70/93, 75%) occurred in children who had .3.00 D of astigmatism. Previous studies have reported a wide range (33% to 100%) of measurement success rates in infants and toddlers. 10, [17] [18] [19] The finding in the present study that confidence rating was not related to accuracy of measurements suggests that it will be possible to improve success rates by using measurements with low, as well as high, confidence ratings.
Significance of Out-of-Range Measurements
In the present study, we examined the relation between out-of-range measurements provided by the instrument (ie, a reading of 9.99), and amount of astigmatism present. If the out of range readings had a high confidence rating, astigmatism .2.00 D was present in most children (84%) ( Table 3 ). Astigmatism .3.00 D was present in only 21%, even though the manufacturer states that the SureSight measures astigmatism up to 3.00 D. If the out-ofrange readings had a low confidence rating (\6), .2.00 D of astigmatism was present in most children (96.8%), and astigmatism .3.00 was present in 61.3%. Thus outof-range measurements are likely to be associated with the presence of more than 2.00 D of astigmatism, but not necessarily more than 3.00 D.
A previous study that examined the relation between ''out of range (9.99)'' astigmatism results and amount of astigmatism present found that astigmatism $3.00 D was present in only 8 of 19 (42%) children, with the remaining 11 children having astigmatism between 1.50 and 2.75 D. 15 Silverstein and colleagues 13 reported that 92 of 120 (76.7%) of 1-to 5-year-old children on whom they obtained an out-of-range measurement failed their gold standard examination (failure was defined as presence of AAPOS-determined amblyogenic factors, which included with or against the rule astigmatism .1.50 D or oblique astigmatism .1.00 D). It is interesting to note that Silverstein and colleagues 13 found that children with low confidence out-of-range measurements were more likely to fail the gold standard examination (27/28, 96.4%) than were children with high confidence out of range measurements (65/92, 70.7%), similar to the findings in the present study. Additional evidence that the SureSight overestimates magnitude of astigmatism is found in a study of preschool screening, in which 70.9% of children with a SureSight astigmatism reading of 1.50 D or more, 62.5% of children with a SureSight reading of 1.75 D or more, and 50% of children with a SureSight reading of 2.20 D or more did not have astigmatism .1.50 D. 18 In the present study, there were 34 children (4.1%) who were cooperative and with whom the instrument was aligned (per the instrument's auditory feedback signal) but no measurements were obtained. Astigmatism of 3.00 D or greater was present in nearly all of these children (32/34, 94.1%), and 10 of 34 (29.4%) had extremely high levels of astigmatism ($5.00 D).
Significance of Confidence Ratings on Accuracy of Astigmatism Measurements
The results of the present study indicate that measurement confidence rating was not related to accuracy of measurement of astigmatism, and variability in accuracy of high and low confidence measurements was very similar. These findings suggest that measurements of astigmatism with the SureSight are fairly stable and that it is likely that the confidence ratings reflect the variability of the noncycloplegic sphere values that were obtained for each measurement.
Accuracy of Astigmatism Measurements
The results of the present study indicate that when it provides a numeric value for astigmatism, the SureSight tends to overestimate astigmatism by approximately one third. This is somewhat greater than reported previously. [2] [3] [4] 16 Results of the present study also indicated that measurement accuracy varied by amount of astigmatism present, indicating that applying a simple ''correction'' to eliminate measurement bias is not likely to significantly increase overall accuracy.
However, despite the SureSight's limits in accuracy of measuring specific magnitude of astigmatism, the present study indicates that the SureSight can be useful in categorizing amount of astigmatism present. The data from Tables 3 and 4 , taken together, indicate that when the SureSight provides any dioptric value measurement (0.00 -3.00 D), it is very likely that astigmatism of 2.00 D or less is present, whereas when the SureSight provides any form of out-of-range indication (ORi or ORt), it is likely that astigmatism .2.00 D is present. For the sample, #2.00 D of astigmatism was present, per the Retinomax K1, 97.4% of the time when a dioptric value SureSight measurement was obtained. When an out of range result was obtained, . 2.00 D was present 87.9% of time, with the percentage increasing to 95.4% when the out-of-range 
Conclusions
For studies of refractive error prevalence in child populations, a single handheld instrument that can provide accurate measurements and uniformly high measurement success rates across age would be ideal. Use of the same instrument reduces measurement variability due to differences in methods, and consistently high success rates reduce the chance that prevalence differences across age may be due to age-related sampling differences in the children on whom measurements can be obtained. The results of the present study suggest that the SureSight achieves consistently high measurement success rates across age, that it can be used reliably to screen children for specific amounts of astigmatism (eg, .2.00 D), and that it may be useful for describing prevalence of high astigmatism in populations of young children.
